Cell-based therapeutics have advanced significantly over the past decade and are poised to become a major pillar of modern medicine. Three cell types in particular have been studied in detail for their ability to home to tumors and to deliver a variety of different payloads. Neural stem cells, mesenchymal stem cells and monocytes have each been shown to have great potential as future delivery systems for cancer therapy. A variety of other cell types have also been studied. These results demonstrate that the field of cell-based therapeutics will only continue to grow.
Introduction
Cell-based therapeutics appear poised to join small-molecule drug discovery and biologics as a major arena of modern medicine [1] , highlighted by recent publication of major works in this field [2] . In contrast to the first two pillars (small molecules and biologics), cells are able to sense a variety of signals, travel to specific points in the body, actively penetrate areas of pathology, and deliver a therapy to minimize off-target effects.
Since various stem and defensive cells have been convincingly demonstrated to traffic to tumors, they offer the potential of more tumor specific therapies that avoid the many off-target effects seen with conventional chemotherapy. These cells, in contrast to many other strategies such as nanoparticles that rely on passive accumulation, can infiltrate the tumor after they access it despite the elevated interstitial pressure and formidable stromal barrier inherent in most tumors (figure 1). The cells are attracted to tumors by gradients of chemokines, cytokines, and growth factors. Examples include VEGF, MCP1, the CXCR4-CXCL12 system [3] , and transforming growth factor beta (TGF-β) [4] .
Cells can be utilized to deliver a wide variety of different payloads, including small molecule drugs, proteins, suicide genes, nanoparticles, viruses, etc. and some cell types have been shown to be naturally tumoricidal. Although other platforms may be able to deliver these payloads, cells have advantages over many other platforms in being able not only to deliver but also to continuously produce many of their payloads after arrival onsite. Examples include therapeutic proteins (after genetic engineering the delivery cell), suicide genes or viruses and even nanomaterials..
Here we summarize some of the recent developments in the field of cytotherapy for cancer focusing on three oft-used cell types: neural stem cells, mesenchymal stem cells and monocytes as well as several other types which will be briefly reviewed at the conclusion of the review. The three major cell types have been extensively researched over the past decade demonstrating that cell-based therapeutics may soon become a staple of cancer therapy.
Neural Stem Cells
It was the pioneering work of Aboody and colleagues in 2000 that ignited enormous interest in the paradigm of using cells as targeting vectors to treat cancer [5] . They showed that human neural stem cells (NSCs) transplanted into either the ipsilateral or contralateral cerebral hemisphere of mice bearing intracranial gliomas could with high fidelity migrate into the tumors. In fact, the NSCs appeared to be also trailing aggressive glioma cells that had migrated from the main tumor mass. The NSCs were engineered to express cytosine deaminase, and when the prodrug 5 fluorocytosine (5-FC) was administered, the homing cells could convert it to 5-FU (5-fluoro-uracil), an anticancer drug with resultant attenuation of glioma growth.
Subsequent to this work, many papers showing the efficacy of using neural stem or progenitor cells for targeted delivery of therapeutic agents have appeared. It was shown that intravenously administered NSCs could deliver a secreted prodrug activating enzyme, rabbit carboxylesterase, to a mouse model of metastatic neuroblastoma [6] . After administration of the prodrug irinotecan, survival time was dramatically increased.
Neural stem cells have also been used to deliver other suicide genes into tumors. NSCs engineered with a cytosine deaminase gene (used to deaminate 5-fluorocytosine to the toxic 5-fluorouracil) were used to target the suicide gene to medulloblastoma [7] . The engineered NSCs were shown to migrate well into the medulloblastomas similar to previous glioma studies. After treatment with 5-flourocytosine, the NSC treated medulloblastoma-bearing mice showed significant increases in survival time compared to controls. Follow up work showed that adding a second suicide gene, thymidine kinase, to the cytosine deaminase-bearing NSCs can improve the treatment effect [8] . A mouse model of metastatic lung cancer in the brain treated with the dual-suicide gene-bearing NSCs and both prodrugs, 5-fluorocytosine and ganciclovir, showed both significant survival increases over controls and significant decrease in tumor volume.
Because the blood brain barrier (BBB) limits access of chemotherapy drugs to glioma, and glioma cells have a pronounced tendency to develop chemoresistance, cell based delivery is particularly attractive for this type of neoplasia [9] . NSCs given systemically can traverse the BBB, although this route is not very efficient.
Another rather surprising route for stem cell mediated delivery to glioma that can avoid the BBB has recently emerged -the nasal cavity. Neural stem cells were administered intranasally to mice bearing U87, NCE-G55T2 human tumors or syngeneic mouse GL261 tumors [10] . NSCs were monitored by MRI imaging, with significant accumulation at six hours and maximal accumulation at 24 hours. Most cells traveled along the olfactory tract but some were apparently distributed systemically via the microvasculature of the nasal mucosa.
NSCs engineered to make a secreted form of tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) decreased glioma burden in a mouse model [11] . However, since glioma cells often develop resistance to TRAIL, various adjunct therapies including proteasome inhibitors [12] and kinase inhibitors [13] have been used to mitigate this resistance.
Neural stem cells engineered to secrete anti-tumor antibodies have been used to successfully attenuate tumor growth. For example, NSCs expressing variants of EGFR-specific nanobodies reduced glioma growth and invasiveness [14] . NSCs secreting an anti-HER2 antibody inhibited breast cancer growth in vitro and although an anti-tumor effect wasn't shown, migrated successfully to in vivo to breast cancer xenografts [15] .
Neural stem cells have also been used as Trojan horses to carry oncolytic virotherapy into glioblastomas. HB1-F3-CD cells (a v-myc immortalized, FDA approved neural stem cell line) were infected with CRAd-S-pk7 virus designed to selectively replicate in glioma cells and spare whole brain toxicity [16] . Using neural stem cells to deliver the virus increased localization and concentration of the virus and minimized immune reactivity of the virus. A follow up study demonstrated that using the neural stem cells to deliver the virus also enhanced the therapeutic efficacy of the virus [17] . The neural stem cells were also shown to deliver the virus better than mesenchymal stem cells [18] . In addition, the virus-loaded neural stem cells can be combined with standard of care treatments for glioblastoma. By correctly timing delivery of virus-loaded cells a significant increase in median survival was demonstrated in mice bearing human xenograft gliomas over treatment with only radiation and temozolomide [19] .
NSCs preloaded with gold nanoparticles have been used as carriers to deliver photothermal ablation of MDA-231 breast cancer cells and tumors (although in the in vivo study the group size of two was too small for statistical evaluation) [20] .
Our group has demonstrated that neural stem cells can be used to deliver Fe/Fe 3 O 4 nanoparticles to a mouse model of melanoma for inducing hyperthermia in alternating magnetic fields (figure 2) [21] . Loading with Fe/Fe 3 O 4 showed little toxicity to the neural stem cells and did not prevent their trafficking to subcutaneous melanomas when injected intravenously. The delivery of nanoparticle-loaded neural stem cells alone had a small but measurable tumoricidal effect. When treated with alternating magnetic fields in order to induce magnetic hyperthermia in the tumors using the nanoparticles, an increased tumoricidal effect was demonstrated that was significantly different than control. In vitro studies demonstrated the ability of the nanoparticle-loaded neural stem cells to significantly increase the temperature in the tumor leading to hyperthermia effects.
It is not practical to derive patient specific NSCs since they are only located in a few sites deep within the brain. However, it has been reported that it is possible to obtain induced neural stem cells (iNSCs) by the introduction of the Sox2 gene into fibroblasts [22] . This could offer a shortcut to the derivation of NSCs from induced pluripotent stem cells (iPS cells), which has been reported to also offer the prospect of patient-specific NSCs. For example, NSCs derived from iPS cells have been shown to migrate to models of breast cancer similar to their natural counterparts and can deliver suicide gene therapy to the tumors [23] . The migration of the iPSderived NSCs was shown to be further increased by inhibiting neuronal nitric oxide synthase through either small molecule inhibitors or siRNA providing a pathway for increasing tumor tropism [24] . Human neural stem cells that are in clinical trials [25] are of fetal origin and are not patient specific. However, it is thought that NSCs are relatively non-immunogenic [26] , in fact, they may suppress immune response [27] . Recently, an agenetic approach to transdifferentiating CD34+ bone marrow cells into neural progenitors has been described which may provide another pathway for generating patient-specific neural stem cells [28] . Donorderived CD34+ cells were treated with G-CSFR binding antibodies and compared to G-CSF treated CD34+ cells. As opposed to the G-CSF treated cells, which merely proliferated, the anti-G-CSFR antibody-treated cells demonstrated morphologies associated with neural cell lineages. Analysis showed the presence of Tuj1 and nestin, which are neural markers. Although the exact mechanism of transdifferentiation is unknown, it was postulated that it may have to do with not only the signal-receptor interaction but also the intensity and duration of interaction that caused the G-CSFR receptor to cause transdifferentiation. This may provide a source of easily extractable, patient-derived neural stem cells for future treatments.
Thus, neural stem cells offer enormous opportunity for cell-based, targeted therapy of glioblastoma and other types of cancer. An especially exciting attribute is their ability to follow invasive cells that would otherwise escape surgical resection. A clinical trial (NCT01172964) is underway to evaluate a human NSC cell line engineered to secrete the prodrug activating gene cytosine deaminase, a nucleotide salvage enzyme derived from E Coli, for glioma therapy. The use of NSCs to carry oncolytic viruses to glioma not only can better target the virotherapy, it can also avoid the immune system. However, long term consequences of using immortalized stem cells remain to be addressed. If the cells remain after tumor resolution will the gene therapy damage normal tissue? Will they themselves be prone to tumor development at some later date? Utilizing cells engineered to express a suicide gene should confer a level of safety assuming the cells themselves will eventually succumb. Another issue is that the most efficient route of administration of NSCs for glioma therapy is intracranial inoculation, which is invasive.
Mesenchymal Stem Cells
Soon after Aboody and colleagues showed neural stem cells could home to and deliver an anticancer therapy to glioma, it was reported by Studeny et al. that bone marrow mesenchymal stem cells (BMSCs) engineered to express beta interferon (IFNb) could home to metastatic lung melanoma [29] . This study has led to the development of a robust research area in tumor tropism of mesenchymal stem cells MSCs combined with delivery of therapeutic or prodrug activating gene delivery for cancer therapy [30] [31] [32] .
In 2007, our group showed that umbilical cord mesenchymal stem cells derived from Wharton's jelly (UCMSCs) could be used to deliver a cytokine to MDA-MB-231 breast cancer pulmonary metastases [33] . The local delivery of beta interferon significantly attenuated the metastatic tumors. When the UCMSCs expressing IFNb were combined with low dose 5-fluorouracil (5-FU), there was an additive anti-tumor effect [34] .
UCMSCs can have a potent intrinsic anti-cancer effect. When naïve (unmodified) rat UCMSCs were administered intravenously to Fisher 344 rats bearing mammary carcinomas, the tumors were completely eradicated with no recurrence [35] . In vitro colony assay showed that the anti-cancer effect of rUCMSCs is due to increase in caspase-3 activity and an antiproliferative effect on Mat B III cells (mammary carcinomas).
MSCs from various sources have been shown to have immune-privileged status [36] . This attribute may allow their use as off-the-shelf allogeneic cell transplants after expansion and/or modification.
BMSCs have been utilized for cell based therapy of glioma; they cross the BBB effectively and can be readily obtained from a variety of sources. IFN-beta expressing (engineered) BMSCs migrated to U87 glioma tumors, and significantly increased the survival of tumor bearing nude mice compared with control [37] .
There is tremendous interest in using cells to deliver immunotherapy to tumors. BMSCs were engineered to express tumor necrosis factor superfamily 14 (TNFSF-14; a.k.a. LIGHT) [38] . The LIGHT expressing MSCs homed effectively to tumors and organized a potent anti-tumor immune therapy by stimulating an influx of T cells. In another study umbilical cord blood derived MSCs were engineered to express a secretable form of LIGHT and attenuated subcutaneous tumors in a model of human gastric cancer [39] .
Other papers have shown the efficacy of using MSCs as carriers of oncolytic viruses [40, 41] . This strategy not only results in better targeting of the virus to the tumor, but it shields the virus from the immune system. Mader et.al showed that MSC can shield Measles Virus and successfully deliver measles virus to tumor-bearing mice, showing significantly increased the survival of mice compare with naked M virus. Replication-competent oncolytic adenovirus (CRAd) loaded hMSC migrated to distant glioma tumors and delivered more viral particles than distance injection of viral particle alone [42] . Upon i.p. administration of MSC containing oncolytic viruses particles (Ad5/3, coxsackie and adenovirus receptor-independent infection) the cells homed to the ovarian cancer in a mouse model, decreased tumor burden and increased the survival of mice compared with direct administration of viruses [43] .
MSCs have been used as carriers to deliver therapeutic nanoparticles to tumors or tumor spheroids. Roger et al showed that Coumarin-6 loaded polylactic acid NPs (PLA-NPs) and lipid nanocapsules (LNCs) can be efficiently loaded to MSCs without affecting cells, and these loaded cells migrate toward tumors in a human glioma model in nude mice [44] . They also validated that lipid nanocapsule (LNCs) could be loaded without any toxic effect to the delivery cells (mesenchymal stem cells; MSCs) and became distributed around the glioma cells after intratumoral injection of these LNCs loaded cells. In vivo experiments showed that intratumoral injection of ferrociphenol (Fc-diOH)-LNC-loaded delivery cells to orthotropic glioma in nude mice showed cytotoxic effect [45] .
MSCs have also been used to deliver INF-beta to ovarian tumors. MSCs were engineered to secrete INF-beta and were injected intraperitoneally in mice bearing syngeneic or xenograft tumors. These MSCs were shown to infiltrate the ovarian tumors, and complete eradication of tumors was observed in up to 70% of cases with increased survival in treated mice [46] .
Adipose tissue derived MSCs (ADMSCs) have been used to deliver various therapies to tumors. For example, AD-MSCs expressing yeast cytosine deaminase::uracil phosphoribosyltransferase (CD::UPRT) in combination with 5-FC efficiently suppressed subcutaneous (s.c.) human colon cancer tumors in nude mice [47] . These ADMSCs expressing yeast CD::UPRT/5-FC also could attenuate intracranial C6 rat glioblastoma [47] . The same group showed that these cells engineered with the same prodrug activating enzyme could attenuate bone metastatic prostate tumors in a mouse model not only when the ADMSCs were co-injected with the prostate cancer cells, but more importantly, when those cells were delivered in a cell dose dependent manner intravenously [48] . They also found that co-injection of 20% these cells with human melanoma cells could render 8 out of 9 mice tumor free. Moreover, intravenous injection of these cells with subsequent administration of prodrug reduced the tumor size of s.c. melanoma in a mouse model [49] . In fact, it was found that this cell therapy could attack cancer stem cells, thus being a curative therapy for a rodent model of glioblastoma [50] . Another group showed that TRAIL engineered AD-MSCs given I.V. to a rodent model of cervical carcinoma could selectively deliver a proapoptotic ligand to the tumor site without side effects. It also eliminated the problem of low stability of TRAIL in blood plasma [51] . Naïve ADMSCs were shown to promote human melanoma tumor growth but had the opposite effect in glioblastoma [32] . Naïve BMSCs also have been shown to have an antitumoral effect on an animal model of Kaposi's sarcoma [52] . However, there are other reports indicating that naïve BMSCs promote tumor growth [53] . Both BMSCs and Adipose derived MSCs have been shown to differentiate into cancer associated fibroblasts (CAF) which are known to promote tumor growth [54, 55] .
There have been a few cautionary results with mesenchymal stem cells. AD-MSCs also migrate to prostate cancer. Lin et al. showed that these cells migrated to s.c. PC3 prostate cancer in athymic mice although they increased the tumor size by increasing the tumor vascularity, potentially limiting their clinical usefulness [3] . Similarly, bone marrow derived MSCs migrate to multiple myelomas through attraction to the cytokine CCL25 and promote tumor growth through a variety of complex interactions [56] , although contradictory results demonstrate that MSCs can prevent relapse and encourage bone formation in multiple myeloma models [57] . AD-MSCs also migrate to U87 tumors in mice (intracranial gioma xenograft). Intratumorally or contralaterally injected PKH 26 labeled AD-MSCs home to U87 tumor in mice, but adenovirus infected AD-MSCs didn't migrate to the same tumor [58] .
Because mesenchymal cells are primary cells with unstable life times, generation of suitable numbers for therapy can be difficult. Recently, immortalized bone-marrow derived MSCs have been shown to continue to home to prostate tumors and to deliver a thymidine kinase suicide gene. No harmful side effects, particularly no increase in lymphocytes were noted in the treated mice indicating that immortalized MSCs may provide a more stable and abundant source of MSCs for therapeutic use. [59] Although AD-MSCs have not been immortalized, studies have shown that expanding AD-MSCs in culture provide stable and non-tumorgenic MSCs for use in therapy [60] .
Taken together, these data characterize MSCs as suitable delivery vehicles for prodrug converting gene and show their utility for a personalized cell-based targeted cancer gene therapy. It is concerning that bone marrow or adipose derived naïve MSCs can enhance tumor growth, so anti-tumor therapies must overcome this effect. All reports of human or rodent umbilical cord MSCs to date indicate the naïve cells themselves attenuate tumors. However, this advantage of the latter cells may be offset by the fact that they are not autologous cells.
Monocytes
Monocytes are known to infiltrate most solid tumors where they usually become M2 macrophages which are pro-tumorigenic [61] [62] [63] . M2 macrophages are associated with tissue healing and express a variety of anti-inflammatory signals. These signals promote tumor growth especially through suppressing T-cell response through recruitment of T-regulatory cells (Tregs) through CCL22 and suppression of T cytotoxic cells through expression of arginase and other immune modulators. Also, M2 macrophages can promote angiogenesis, tissue remodeling for invasion, and have a protective effect against chemotherapeutic damage. Since these cells have a pronounced tumor tropism they are good candidates for delivery of therapeutics or ex vivo treatment to differentiate them into tumoricidal macrophages [64] [65] [66] [67] . The cells can be easily isolated in large numbers from peripheral blood to be modified ex vivo as autologous cellular therapy. Tie-2 expressing monocytes are particularly tumor tropic cells [68] [69] [70] , and Tie-2 expressing monocytes can be used to deliver therapy selectively to tumors [71] . Thus monocytes have potential to be valuable delivery vehicles for cytotherapy.
Although monocytes traffic to the hypoxic regions of most solid tumors, there are ways to improve this migration. Chemo or radiation therapy can attract additional monocytes because of the tissue damage caused by the treatment [72] [73] [74] [75] [76] . Monocytes cultured in hypoxic environments upregulate CXCR4 expression, which increases homing along the CXCL12 gradient often present in tumors [77] . It could also be possible to anchor a tumor-homing peptide to the delivery cell wall to enhance migration. This strategy was recently reported to increase migration of MSCs to myocardial infarcts (MI) in mice [78] . Although the peptide was identified by phage display to target MI regions, similar peptides have been identified for tumor homing [79] , so theoretically the concept could be applied to enhance tumor migration. In this paradigm, the peptide was a palmitated derivative that could be used to attach to the plasmalemma to coat the delivery cells. Finally, magnetic fields have been used to attempt to increase monocyte trafficking into tumors [80] . By loading monocytes with magnetic nanoparticles, a properly placed magnet can increase their migration into tumor spheroids in vitro, although the applications of this in vivo have yet to be shown.
Monocytes can be loaded ex vivo with nanoparticle payloads similar to what has been shown for neural stem cells and neural progenitor cells (see above). They have been loaded, for example, with gold nanoparticles for active delivery of this cargo into tumors so NIR radiation can be used to induce photothermal damage [81] . Later it was shown that these nanoparticleloaded monocytes can infiltrate as well or better into glioma spheroids in vitro. Treatment with NIR radiation in the presence of loaded monocytes can completely attenuate spheroid growth [82] . Our group has used monocyte-like cells to deliver iron/iron oxide nanoparticles to pancreatic tumors in a mouse model of disseminated pancreatic cancer. We demonstrated that Raw264.7 cells, a monocyte/macrophage-like cell line, can traffic selectively to pancreatic tumors disseminated in the peritoneal cavity while sparing healthy pancreatic tissue when the Raw264.7 cells were injected intraperitoneally (figure 3). Raw264.7 cells also take up core/shell iron/iron oxide nanoparticles without significant toxicity and can thus be used to deliver the nanoparticles to the pancreatic tumors. The nanoparticles can then sensitize the tumors to alternating magnetic frequency radiation (AMF) inducing magnetic hyperthermia selectively in the tumor tissue. Treatment with nanoparticle-loaded Raw264.7 and AMF radiation significantly increased the survival time of mice bearing disseminated pancreatic tumors [83] .
Monocyte/macrophages can also be used to deliver gene products into tumors. Our group has used Raw264.7 to deliver a self-contained suicide gene-prodrug combination to a model of metastatic melanoma in the lungs. A TetOn® system for expressing rabbit carboxyesterase (RCE) was stably transfected into Raw264.7 cells that causes expression of RCE upon treatment with a tetracycline such as doxycycline. RCE can efficiently activate the prodrug irinotecan to SN38. These cells were demonstrated to traffic to melanomas in the lungs. The cells were loaded with irinotecan and injected intravenously into mice with metastatic melanoma. When treated with both the loaded cells and doxycycline the treatment decreased the number, weight and size of melanoma tumors in the lungs as compared to controls [84] .
In a follow up study, the same TetOn® RCE cells were used to deliver RCE and an SN38 prodrug to a model of disseminated pancreatic cancer. Combining the concept of delivering nanoparticles and delivering a chemotherapy drug, an irinotecan-like prodrug was synthesized on iron/iron oxide nanoparticles in order to increase loading and retention in the Raw264.7 cells. Using these cells to deliver the SN38 prodrug and treating with doxycycline significantly increased survival in a model disseminated pancreatic cancer [85] .
Monocytes can also be used for virotherapy. Monocytes have been used to deliver replication competent oncolytic adenoviruses to pancreatic tumors, although the greatest effect was with monocytes injected intratumorally rather than intravenously, raising doubts as to whether these cells homed well to the tumors [86] . Similarly, monocytes have been used to deliver adenovirus designed to replicate only in hypoxic conditions to prostate tumors. This study demonstrated that the monocytes can be given systemically and still achieve specificity of infection in the tumor [87] .
Closely related to monocytes, macrophages have also been utilized for targeting cancer therapy. Macrophages have been used to deliver nanoparticles across the blood-brain barrier into metastatic breast cancer in the brain [88] . Both peripheral monocytes and peritoneal macrophages have been used to deliver oligomannose-coated liposomes to metastatic gastric cancer. [89] Peritoneal macrophages have also been used to deliver liposomal doxorubicin to both subcutaneous and metastatic models of lung carcinoma [90] . Batrakova and colleagues have reported that macrophages can be loaded ex vivo with a self-assembled catalase/PEI-PEG complex, penetrate the blood brain barrier, and deliver the catalase to diseased neurons in an Parkinson's disease model [91] . A similar approach could be potentially used to deliver a prodrug activating enzyme or other protein therapy to tumors without introducing a foreign gene into the homing cells.
One benefit of using monocytes (as opposed to neural stem cells or mesenchymal stem cells) is that they can be easily isolated in large numbers as patient specific cells from peripheral blood. Another advantage may be their naturally limited lifespan. Monocytes differentiate to macrophages in tissues, with lifespans in the range of months [92] . Because of their expected termination, there are fewer worries about persistence and continued release of anti-cancer agents into normal tissue. Other benefits of monocyte therapy include the relative ease of obtaining autologous monocytes (from blood) or macrophages (peritoneal lavage) and their natural phagocytic nature that allows them to be loaded easily with imaging or therapeutic nanomaterials. On the other hand, monocytes can be difficult -to-transfect with plasmid DNA, making cell-delivered gene therapy relatively more difficult than with other possible cell types. Also, since monocytes normally differentiate into M2 macrophages in the tumor microenvironment they pose a danger of promoting tumor growth unless steps are taken to block this outcome. Therefore, although monocytes engineered to express various genes have been used to treat tumors, their greatest potential may be in delivering nanoparticle therapies which can be easily loaded and delivered to the tumor site.
Other Delivery Cells
Endothelial progenitor cells (EPCs) or endothelial cells have been shown to home effectively to tumors and have been utilized to deliver anti-cancer therapeutics. For example, it was shown that human EPCs isolated from peripheral blood could be engineered to express thymidylate kinase, administered IV to mice bearing subcutaneous human glioma tumors and regress the tumors upon administration of ganciclovir [93] .
Myeloid-derived suppressor cells (MDSC) are immature granulocyte or monocyte cells recruited from the bone marrow in tumor bearing hosts. It has recently been shown that these cells can deliver an oncolytic virus to mouse models of hepatic and lung metastases [94] . Interestingly, the anti-tumor effect was due not only to the oncolytic virus but activation of the monocytic suppressor cells to the M1 phenotype.
Another specialized field of cell-directed therapy against tumors is chimeric antigen receptor (CAR) expressing T-cells. Although this review does not comprehensively cover this large field, some current work in this field should be mentioned. Early work in the late 1980s demonstrated that the natural cytotoxicity of T-cells could be harnessed and directed against tumors through modifying them to express a tumor-selective, single-chain variable fragment antibody attached to the CD3 ζ trans-and endo-domains [95] [96] [97] [98] . Since the initial discovery, CAR has been intensively studied and several iterations of the original gene have been proposed. Second generation CAR utilizes not only the primary signal of CD3 ζ but also incorporates a costimulatory signal such as CD28. Recently third generation CAR technology continues to expand on this by incorporating multiple costimulatory signals to increase activation and proliferation of the tumor specific T-cells. For example, incorporation of CD137 signaling domain in the CAR showed an increase in antitumor activity in the hematologic malignancies. Human T cells engineered with anti CD19 with CD 137 survived longer than 6 months in vivo and were highly effective on human pre-B-cell acute lymphoblastic leukemia in a mouse xenograft model and this combination was significantly more effective than T-cells expressing T cell receptor-zeta (TCR-ζ) alone or CD28-ζ signaling receptors [99] . The same group later on showed that these cells (anti CD19 with CD137) migrated to bone marrow, expanded more than 1000 times and expressed at high level at least for 6 months functional CARs in chronic lymphocytic leukemia (CLL) patients. They showed a CD19-specific immune response in the blood and bone marrow, and complete remission in two out of three patients. However these engineered cells showed toxicity to B cells, plasma cells and resulted in hypogammaglobulinemia [100] . Song et al showed later on that anti-FRα CAR showed strong antitumor activity in vitro but failed to be effective in an animal model. However, the CD137 (4-1BB) costimulatory motif in tandem (MOv19-BBζ CAR) (anti-FRα CAR outfitted with CD137 ) proved an effective antitumor strategy against a xenograft metastatic human ovarian cancer model in immunodeficient mice [101] . Bretjens et al showed that autologous CD19 T-cells expressing both CD 28 and CD3 ζ signaling domains (CD19-CAR28 ζ) rapidly trafficked to CD19+ chronic lymphocytic leukemia (CLL) or acute lymphoblastic leukemia (ALL) and evaluated the possibility of adaptive T cells therapy for clinical trial. They also showed that the engineered T cells retained ex vivo cytotoxicity at least 8 days after administration [102] .
B-cell malignancies have been one of the most researched areas of CAR therapy because CD19 expressed on B-cells but not on progenitor cells is a clear target. Targeting CD19, though, has the potential to destroy all B-cells, not only malignancies. However, this is often considered an acceptable side effect. Recently, T-cells engineered with receptor tyrosine kinase-like orphan receptor 1 (ROR1) have been found to be effective for targeted therapy for B-CLL, mantle cell lymphoma and other ROR1 positive tumors. These cells do not target or show toxicity to mature B cells but do show toxicity to immature B cells (early stage cells or undifferentiated embryonic stem cells) and adipose tissue because of low level ROR1 expression [103] .
Conclusions
Cell-directed therapy has been shown to be extremely versatile and effective in its applications especially in cancer therapy. The unique properties of cells allow them not only to selectively target tumors but also to actively infiltrate the tumor interstitium. They can also deliver a wide variety of payloads which can be combined in unique ways to create highly effective treatments. Moreover they can be programmed to home more effectively to tumors and/or to produce a treatment on site. In addition to all this, many cell types, themselves, may be naturally tumoricidal or may be encouraged to be tumoricidal. These properties demonstrate that cell-directed therapy is a useful and viable potential treatment for a variety of different cancers.
As demonstrated above, the field of cell-directed therapy is growing rapidly. Some of the more well-known cell types, such as those dealt with above, are being tested by multiple lab groups and a few have progressed to clinical trials. New tumor tropic cells are being tested as well and may become viable candidates for cell-directed therapy also. As new research continues and the understanding of the methods of tumor eradication and tumor tropism become clearer, cell-directed therapy will only continue to grow in strength as a potential treatment for cancer.
Future Perspectives
As the field of cytotherapeutic treatment of cancer continues to develop, several hurdles will need to be overcome. First, as discussed above, more rigorous definition of the fate of the delivery cells will need to be established and, relatedly, means of destroying the delivery cells after use will need to be developed and verified. Rigorous GMP facilities for clinical grade cells must also be developed. Since large numbers of well characterized cells are needed for a typical human dose, efficient means of generating these numbers without compromising cell quality must be developed. Also, the efficiency of tumor targeting by the delivery cells will need to be more rigorously defined and methods for increasing this targeting will continue to be developed. In addition, cell-directed therapies will need to identify means of procuring and engineering compatible delivery cells for human treatments that are both cost effective and safe. We expect to see a greater focus on these hurdles over the next decade as cytotherapy becomes a more widely accepted treatment possibility. As these hurdles are overcome, continuing research in this field will lead to increased clinical trials as promising methods are identified and controlled. 
